The response of suspension-cultured pear (Pyrus communes cv Bartlett) cells to heat stress was studied using three viability tests: regrowth (culture growth during 10 days after stress); triphenyltetrazolium chloride reduction; and electrolyte leakage. Critical (50% injury) temperatures for a 20-minute exposure were 420, 52°, and 560C, respectively, for these viability tests. Electrolyte Plant responses to superoptimal temperature include inhibition of photosynthesis (2, 4), pollination (5), protein synthesis (1, 4, 11), translocation (6); promotion ofcallose synthesis (6, 8) , and leakage of cell contents (2) (3) (4) . This diversity of responses complicates efforts to study specific mechanisms and to identify meaningful markers of improved heat tolerance. We have begun a study of heat hardening and injury in suspension-cultured plant cells. Beyond its usefulness in clarifying the heat response of whole plant systems, information on cultured cells is important because it may be possible to select for heat tolerance in vitro. Before in vitro techniques can be used to improve heat tolerance, the basic parameters of cellular response to heat must be understood. In the first phase of this project, described here, we examined pear cell culture growth after heat stress treatment and assessed the validity of other viability tests. The availability of a suitable viability test for cultured cells will facilitate: (a) comparison of acclimation by elevated growth temperature to that induced by heat shock (14); (b) correlation of biochemical changes (e.g. fatty acid saturation and heat shock proteins) to changes in heat tolerance; and (c) development of criteria for selection and characterization of cell lines with increased heat tolerance. 30 ml of cell suspension in 125-ml Erlenmeyer flasks; they were aerated with gyrotary shaking at 85 to 90 cycles/min. The normal growing temperature was 220 C. Stock cultures were 110 ml in 500-ml Erlenmeyer flasks; they were batch-propagated by transferring 10 ml of cell suspension to 100 ml fresh medium at 7-d intervals.
cycloheximide and heat stress (20 minutes at 430C) affected culture regrowth similarly. We conclude that the measurements of direct response are not adequate substitutes for regrowth tests in assessing heat injury to cultured plant cells.
Plant responses to superoptimal temperature include inhibition of photosynthesis (2, 4) , pollination (5), protein synthesis (1, 4, 11) , translocation (6) ; promotion ofcallose synthesis (6, 8) , and leakage of cell contents (2) (3) (4) . This diversity of responses complicates efforts to study specific mechanisms and to identify meaningful markers of improved heat tolerance. We have begun a study of heat hardening and injury in suspension-cultured plant cells. Beyond its usefulness in clarifying the heat response of whole plant systems, information on cultured cells is important because it may be possible to select for heat tolerance in vitro. Before in vitro techniques can be used to improve heat tolerance, the basic parameters of cellular response to heat must be understood. In the first phase of this project, described here, we examined pear cell culture growth after heat stress treatment and assessed the validity of other viability tests. The availability of a suitable viability test for cultured cells will facilitate: (a) comparison of acclimation by elevated growth temperature to that induced by heat shock (14) ; (b) correlation of biochemical changes (e.g. fatty acid saturation and heat shock proteins) to changes in heat tolerance; and (c) development of criteria for selection and characterization of cell lines with increased heat tolerance. ITC Reduction. Our method was based on that of Towill and Mazur (13) . The 3-ml suspensions (four per treatment) were centrifuged after heat stress, and then 8 ml of TTC reagent (13) were added to the packed cells. The cells were suspended in TTC solution and kept dark for 20 h after which the solution was removed by centrifugation. The rate of TTC reduction was constant over 20 h in variously treated cells. 6. Relationship between stress temperature and the time required pear cells stressed to varying degrees was constant for 20 h after luce 50%o injury (heat killing time) as measured by the regrowth heat stress (Fig. 5) , and 20 h was used in all subsequent TTC rC reduction (0), and electrolyte leakage (A) viability tests.
MATERIALS AND METHODS

assays.
A companrson of the three viability tests used to measure heat es ( Fig. 1) and the development of large differences between injury is shown in Figure 6 . Data points were plotted and straight Ls treatments (Fig. 2) .
lines fitted according to the equation T = a -b log Z (4), which dependence of regrowth at 22°C on prior stress temperature describes the typical relationship between heat killing temperature Kceptionally high (Fig. 3A) . According to the regrowth test, (7) and time (Z). Although only two points were available for caused little stress injury while 44°C resulted in more than the regrowth test, it was included in Figure 6 for comparison. njury. In most experiments, the temperature causing 50% Within the 450C to 560C temperature range, the TTC and leakage , measured with the regrowth test, was 420C but in some data both fit the straight line equation very well with r2 values of it was 430C. However, Figure 3A accurately reflects the 0.99 and 0.93, respectively. The slopes of these lines indicate that ise and high temperature sensitivity of cultured pear cells. the electrolyte leakage test had the lowest temperature coefficient e for most heat stress responses (4), there was an interaction and regrowth the highest. Although the temperature coefficient en the temperature and time of exposure (Fig. 3B) . For for the TTC test was higher than that for electrolyte leakage, heat )le, 20 min at 400C reduced regrowth by less than 10%, stress at temperatures below 50°C affected leakage more rapidly more prolonged exposure to the same temperature produced than it did TTC reduction (Fig. 6) Figure 6 are extrapolated to a killing time of 10 min. When viability tests are conducted immediately following stress treatment (e.g. Fig. 5 ), the measurement obtained reflects direct injury (4) . In cultured pear cells, metabolic (indirect) heat injury which affected TTC reducing capacity was also readily detectable when the viability test was conducted several days after stress treatment (Fig. 7) . Cells exposed to 43°C and then maintained at 22°C for 3 d lost most of their capacity to reduce TTC (Fig. 7A), although temperatures up to 50°C had essentially no direct effect on TTC reduction (data not shown). Indeed, the immediate poststress effect of 43°C was to increase slightly the ability of pear cells to reduce TTC (Fig. 7B) . The delayed response to 43°C stress is expressed in terms of percent heat injury in Figure 7B ; the decline in this value after 3 d reflects culture recovery and regrowth. Culture growth was responsible for the sharp increase in TTC-reducing capacity in unstressed cells (Fig. 7A) .
Protein synthesis is a component of metabolic injury which is particularly sensitive to heat stress (1, 4) . Failure to synthesize new TTC-reducing enzymes together with normal or heat-accelerated turnover of existing enzymes could produce the type of indirect injury shown in Figure 7 . Consistent with this idea, we found that treatment of pear cells with cycloheximide ( Fig. 7B ) had an effect on TTC reduction that was similar to the heat-induced injury.
DISCUSSION
Regrowth capacity (Figs. 2-4, 6 ) provided a sensitive measure ofheat injury because it integrates the influence of many metabolic strains. One of these is probably disruption of protein synthesis (Fig. 7B) , a process known to be highly sensitive to heat stress (1, 4) . Another process which may be disrupted by heat, and affect regrowth, is cell division (4, 10) . Mild heat stress stops mitosis in animal and microbial cells, often with little apparent effect on metabolic integrity (10 (12) . Chen et al. (3) suggested that denaturation of TTC reducing enzyme(s) was a cause of direct heat injury, an explanation which is consistent with the high temperature coefficient which we observed for direct injury (Fig. 6) . Cultured pear cells were also highly sensitive to an indirect injury which affected their capacity to reduce TTC (Fig. 7) . By definition (4) (Fig. 7B) .
Measurement of post-stress electrolyte leakage is a widely accepted method of estimating viability (4, 9) . Increased leakage (stress-induced injury) has been attributed to lipid phase transitions and to effects on membrane-bound transport proteins (4). For cultured pear cells, leakage data indicated 50% injury at 56°C (Figs. 4 and 6 
